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The hydrate–sediment interaction is an important aspect of gas hydrate studies that needs further examination. We describe here
the applicability of the computed microtomography (CMT) technique that utilizes an intense X-ray synchrotron source to
characterize sediment samples, two at various depths from the Blake Ridge area (a well-known hydrate-prone region) and one from
Georges Bank, that once contained methane trapped as hydrates. Detailed results of the tomographic analysis performed on the
deepest sample (667 m) from Blake Ridge are presented as 2-D and 3-D images which show several mineral constituents, the
internal grain/pore microstructure, and, following segmentation into pore and grain space, a visualization of the connecting
pathways through the pore-space of the sediment. Various parameters obtained from the analysis of the CMT data are presented for
all three sediment samples. The micro-scale porosity values showed decreasing trend with increasing depth for all three samples
that is consistent with the previously reported bulk porosity data. The 3-D morphology, pore-space pathways, porosity, and
permeability values are also reported for all three samples. The application of CMT is now being expanded to the laboratory-
formed samples of hydrate in sediments as well as field samples of methane hydrate bearing sediments.
Published by Elsevier B.V.Keywords: Methane hydrate; Guest–host complexes; Host sediments; Computed microtomography (CMT)⁎ Corresponding author. Tel.: +1 631 344 4985; fax: +1 631 344
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There is a renewed worldwide interest in the study of
natural gas hydrate because of its potential impact on
world energy resources (Collett, 2001), control on
seafloor stability (Paull et al., 2000a), significance as a
drilling hazard (Collett et al., 2000), and probable
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gas (Kennett et al., 2003). Gas hydrate is a crystalline
solid composed of water and natural gas that is stable at
the high pressure and low temperature conditions found
along many continental margins and also beneath and
within permafrost in Arctic regions (Sloan, 1998). Gas
hydrate samples have been recovered at 19 or more
areas worldwide and are believed to occur at about 77
locations (Kvenvolden and Lorenson, 2001).
Gas hydrates are part of highly dynamic systems in
which fluid movement, gas composition, host sediment
type, pore water salinity, pore pressure, and temperature
contribute to its formation, growth, stability, and
dissociation. Controversy exists over whether natural
gas hydrate: (a) is free floating in the sediment matrix,
(b) contacts, but does not cement, existing sediment
grains, or (c) actually cements and stiffens the bulk
sediment (Sakai, 1999). Seismic surveys, one of the
most economical and efficient methods to prospect for
hydrates over a large area, can provide knowledge of the
location of large hydrate concentrations because hydrate
within sediment pores can have a profound influence on
seismic properties. Consequently, the ability to image a
sample at the grain scale and to map the porosity and
permeability is of great interest in studying hydrates.
Grain scale properties are also of interest for broader
studies to understand diagenesis in sedimentary systems
undergoing compression and fluid expulsion.
The CMT technique provides a nondestructive
method for measuring various sediment parameters at
the grain scale. The high-resolution CMT data can be
used to generate model parameters that predict behavior
of the methane hydrate bearing sediments at meso- and
macro-scales. This is analogous to the analysis of
sandstone properties from high-resolution tomographic
measurements (Coles et al., 1998). In previously reported
studies of tomographic imaging, Mikami et al. (2000);
Uchida et al. (2000); and Tomutsa et al. (2002) used
industrial-type scanners with conventional tube-type X-
ray sources. Typical voxel sizes for these measurements
were 0.6 mm×0.6 mm×1.0 mm (0.36 mm3) (Uchida
et al., 2000) and 0.2 mm×0.2 mm×1.0 mm (0.04 mm3)
(Tomutsa et al., 2002). In their experiment, Uchida et al.
(2000) identified six types of natural gas hydrates related
to size and location within the sediment matrix. Although
some massive hydrate was thicker than 100 mm, pore-
space hydrate was sometimes as small as 0.001 mm.
Therefore, examination of pore-scale hydrate requires
higher resolution than is possible with typical industrial
scanners. It is inferred that there is a need to make
measurements at several different size scales using
different available analytical techniques.In this study, we examined the morphology and related
properties of three sediment samples. The CMT data col-
lection and reconstruction were performed at the National
SynchrotronLight Source (NSLS) atBrookhavenNational
Laboratory (BNL) (Fig. 1). The highX-ray intensity of the
synchrotron X-ray source makes it possible to work with
much smaller voxel sizes, 3 μm×3 μm×3 μm, than were
used in previous X-ray imaging experiments. The smaller
voxel size makes it possible to investigate the microstruc-
ture of sediments on a size scale that is not easily feasible
with industrial tube-type scanners. We note that there is a
tradeoff between pixel size and sample size since the
digital camera at the NSLS has a fixed number of pixels.
Pixel sizemust be increased for larger diameter samples. In
this study, the size of the camera's charge-coupled device
(CCD) was 1317 pixels×1035 pixels. Hence, the maxi-
mum field-of-view at a resolution of 3 μm/pixel was
3.951 mm×3.105 mm. The work reported here used a
pixel size of 6.8 μm×6.8 μm which is much smaller than
pixel sizes of previous studies. The corresponding voxel
volume was 3.14×102 μm3. Therefore, use of the
synchrotron X-ray source can produce better-resolution
images of gas hydrates and has a greater potential to
answer important questions, such as the pore filling versus
cementation issue, than can industrial scanners. It is also
noteworthy that CMTmeasurements can be performed on
samples stored in cryostats where in situ hydrate-
preserving pressure and temperature conditions can be
maintained. The extension of this study would be to form
methane hydrate in host sediments using simulated sub-
surface conditions and image gas hydrate, liquid (water),
gas, and solid (sediment) components of the specimen.
The test samples could be either produced in the
laboratory or sediments containing natural preserved
hydrate.
We present here results from the CMT study that
focused on determining the applicability of the CMT
technique to characterize sediment samples, two at vari-
ous depths from the Blake Ridge area (a well-known
hydrate-prone region) and one from Georges Bank, that
once contained methane hydrates, referred to as “host
sediments.” The 3-D morphology, pore-space pathways,
porosity, and permeability values extracted from the
measured CMT data are also presented.
2. Experimental procedures
2.1. Geological setting and sample locations
The samples tested in this study were recovered from
the Blake Ridge and Georges Bank. Blake Ridge,
located about 280 km off the South Carolina coast, has
Fig. 1. Schematic diagram of major components of the computed microtomography apparatus used at the National Synchrotron Light Source,
Brookhaven National Laboratory. The computed microtomography data was processed to yield images of test sediment specimens.
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(USGS) (Dillon et al., 2001) and the Ocean Drilling
Program (ODP) (for example, Paull et al., 2000b). It
represents a passive-margin sediment drift deposit
formed by contour currents, and consists of hemipelagic
mud deposited at relatively rapid rates (Heezen et al.,
1966). Two samples from depths of 50 m and 667 m
respectively below the mud line were obtained from this
site. Georges Bank is an elongated basin within the
continental shelf, approximately 240 km long by
120 km wide, situated about 120 km off the New
England coast. Sediments are typically coarser-grained
silty sands, sands, and gravel in water depths that range
from 40 m to 60 m (Emery and Uchupi, 1965). How-
ever, our sample number GB-0.2 (Table 1) originating
from the flank of the bank at 0.2/m depth was finer-
grained. All three samples were devoid of methane
hydrates.
2.2. Sample preservation and particle-size analysis
After their recovery, samples were preserved in a
refrigerator within a closed container and used as
received. The grain size distributions of the sediments
were determined using a laser light-scattering technique
(Freud et al., 1990, 1993; ISO Standard 13320-1) by
Microtrac Inc., Largo, Florida.2.3. CMT sample preparation
For the CMT experiments, a small amount of wet,
intact sediment (∼0.5 g) was placed in a polyethylene
tube with an inside diameter of 4.71 mm and a wall
thickness of 0.81 mm. Care was exercised to maintain
the spatial integrity of the sediment sample as the tube
was filled. The results obtained should be representative
of in situ sediment structures.
2.4. CMT apparatus
The sediment microstructure was studied using the
CMT beam line X-27A apparatus at the NSLS (Fig. 1).
Synchrotron radiation provides a very high intensity X-
ray beam with a continuous energy distribution; its
properties are well adapted to studying materials such as
sediments, sand, limestone, and rock samples (Jones
et al., 2003). The data collection procedure is as follows.
Typically, an area beam is used to illuminate the sample
and surrounding air. The X-rays are detected with an
yttrium aluminum garnet (YAG) scintillator that is
viewed by a CCD camera. The complete tomographic
data set consists of 2000 exposures taken as the sample
is rotated through 180° in 0.09° increments. The tomo-
graphic volume is then computed using a Fast-Fourier
Transformation (FFT) method (Dowd et al., 1999). Data
Table 2
Results from CMT measurements
Sample ID GB-0.2 BLR-50 BLR-667
Bulk porosity (%) 79.2a 70.0a 51.0a
CMT porosity (%) 83.0 68.6 55.8
CMT specific surface area, m−1
(based on a 2-D correlation
function analysis)
26466 28177 17062
CMT specific surface area, m−1
(based on calculation of surface
area following segmentation)
3176 3744 2538
CMT permeability, Darcy (based
on calculation of surface area
following segmentation)
368.4 79.0 48.1
CMT tortuosity 1.79 1.81 1.89
a From Winters et al. (2000a).
Table 1
Samples locations and propertiesa
Sample ID GB-0.2 BLR-50 BLR-667
Cruise OC178 ODP leg 164 ODP leg 164
Latitude 41° 51.5' N 31° 48.210' N 31° 48.210' N
Longitude 68° 18.1' W 75° 31.343' W 75° 31.343' W
Hole/core/section 27-GC2 995A-7H-1 995A-80X-1
Water depth (m) 222 2278.5 2278.5
Subbottom depth (m) 0.2 49.57 666.85
Water content
(M water/
M solids) (%)
141 87.9 39.3
Maximum past stress,
kPa
4.2 205 2730
Bulk porosity (%) 79.2 70.0 51.0
a From Winters et al. (2000a).
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each. Voxel sizes employed in this experiment were
3.14×102 μm3. The energy of the X-ray beam was
18 keV. It is also noteworthy that CMT measurements
can be performed on samples contained in cryostats
where the sample pressure and temperature can be
controlled to simulate conditions found in sediments
that contain methane hydrates. The tomographic data
presented were corrected for ring artifacts and over-
exposed pixels.
2.5. CMT image analysis procedure
The 3DMA-rock software developed by Lindquist
et al. (http://www.ams.sunysb.edu/~lindquis/3dma/
3dma_rock/3dma_rock.html) was utilized for analysis
and interpretation of the collected CMT data. The
starting point in the CMT analysis is the production of a
histogram of the 3-D tomographic image attenuation
coefficients. Only the actual sediment sample voxels
were used in the process and that voxels outside the
sample volume were discarded. Segmentation of the
image into pore- and rock-space was performed with an
indicator-kriging based algorithm (Oh and Lindquist,
1999) that is part of the 3DMA-rock suite. In order to
perform the segmentation and transform the image into a
binary form, we chose a maximum attenuation coeffi-
cient for the pore-space (threshold T0) and minimum
attenuation coefficient for the rock-space (threshold T1)
from the histogram. The indicator kriging algorithm
assigns any voxel with an attenuation coefficient value
below T0 as phase 0 (pore-space), and any voxel with
coefficient value above T1 as phase 1 (rock-space). The
classification of the intermediate region voxels is then
based on a maximum likelihood estimation utilizing a
two-point covariance function based on the raw imageto guarantee smoothness of the surface between the
phases. Such analysis led to the reconstruction of the
sediment microstructure for all three sediment samples.
3. Results and discussion
Measurements of stress history and geotechnical
properties of the sediments are listed in Table 1. The
listed porosity values are of interest because the voids in
the host sediments are likely to influence methane
hydrate formation (Clennell et al., 1999; Wright et al.,
1999). It has been found from field studies that hydrates
preferentially occupy the void space of some layers and
not the adjacent strata of different grain or pore size
(Winters et al., 1999 and references therein). The
measured porosity data (Table 1) refer to total sample
porosity (macro-scale) and is related to the water content
of the sediment. The porosity values measured by the
CMT technique (Table 2) are those of the three host
sediment samples (GB-0.2. BLR-50, and BLR-667)
from depths of 0.2 m, 50 m, and 667 m respectively at
grain size (micro porosity) and are essentially indepen-
dent of the water content.
The grain size distributions of the three sediment
samples analyzed by Microtrac are shown in Fig. 2. The
data show slight variability between the two Blake
Ridge samples obtained at different subbottom depths.
The sand, silt, and clay amounts are 1.5%, 51.2%, and
47.2% for BLR-50 and 0.2%, 52.3%, and 47.5% for
BLR-667 (Winters et al., 2000b). As expected, these
distributions differ markedly from the Georges Bank
sample (GB-0.2). A large fraction of the sediments was
smaller than the voxel size used in the CMT mea-
surement. Given that this produced a partial volume
effect that can affect extraction of porosity and other
parameters from the CMT data, the calculated porosities
Fig. 4. A magnified view of a portion of the volume displayed in Fig. 3.
The volume dimension is 199 pixels×300 pixels×22 pixels. The two
Figs. (3 and 4) emphasize the heterogeneity of the sediment particle
distributions.
Fig. 2. Grain size distributions of samples GB-0.2, BLR-50, and BLR-
667. The data were collected by Microtrac, Inc. using a laser-scattering
technique.
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content data (Table 1). This is, however, not surprising
since the volume fraction of the larger particles scales
roughly as the cube of the dimension. Thus, despite the
fact that in these sediments the number of small particles
is greater than the number of large particles, their
volume fraction is less than the fraction occupied by the
larger particles measured in this experiment. Although itFig. 3. Computed microtomography volume visualization of the
attenuation coefficients measured for sample BLR-667 produced this
three-dimensional image in which pore-space is transparent. The
volume dimension is 1107 pixels×1007 pixels×199 pixels. A portion
of the bounding box for the data is shown by the red lines. The color
scale at the bottom of the figure gives an indication of the range of
attenuation coefficients of the solid voxels displayed. The number of
particles as a function of the attenuation is shown by the curve just
above the color scale. The 3-D microstructure of the sediments is
clearly revealed.is not emphasized in the logarithmic display used in Fig. 2
to delineate fine structure at small scales, there is also a
rather flat continuum of particles with sizes up to several
hundred micrometers, especially in the Georges Bank
sample. The differences in grain sizes between the Blake
Ridge and Georges Bank locations show that CMT
measurements yield useful results in more than one size
range.
CMT measurements on hydrate-containing samples
could also include water, ice, and gases as well. The
processed CMT data yield a 3-D matrix related to the X-
ray attenuation coefficients of individual voxels andFig. 5. A stereo representation of the volume data can be obtained by
viewing the figure with red–blue stereo glasses. This type of display
should be helpful in making comparisons of hydrate bearing and non-
hydrate bearing sediments. The volume shown has the same dimensions
as the one shown in Fig. 3.
Fig. 7. Binary image of sample BLR-667 (dimensions: 200×200
pixels) showing solid space in black and pore-space in white for a
linear slice through the sediment. The separation is based on the data
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pore-space contents.
Data collected for the deepest specimen BLR-667 are
displayed in a 3-D view in Fig. 3. The volume dimension
is 1107 pixels×1007 pixels×199 pixels. The relative
attenuation coefficients are shown in the color scale at the
bottom of the figure. To allow comparison between
various minerals, the displayed attenuation units are
voxel−1. The space occupied by the pores and particles
with smaller values of attenuation have been rendered
transparent. This view of the tomographic data demon-
strates the ability of the CMT technique to produce high-
resolution images of the grain-pore geometry. Fig. 4
depicts an expanded view of a smaller segment of the
Fig. 3 data with a volume of 199 pixels×300 pixels×22
pixels. Notice the relationship between the smaller
sediment particles, the pore-space, and larger particles.
The 3-D nature of the data can also be exploited through
the use of stereo viewing techniques for example using
red–blue eye glasses for stereoscopic images (Fig. 5).
These, and other, visualizationmethods will be invaluable
in assessing the mechanisms and importance of cemen-
tation processes in methane hydrate bearing sediments.
The sediment microstructure was interpreted using
the t3DMA-rock software Based on the 3-D tomo-
graphic image attenuation coefficients, the complex
nature of the BR-667 sediment sample is evident in its
histogram (Fig. 6). There are clearly visible peaks
corresponding to void (pore and water) space, SiO2, and
clay minerals. The results of this segmentation for
sample BLR-667 are shown in Fig. 7. The upper image
is a section through the tomographic data. The atten-Fig. 6. A histogram of the experimental data obtained for sample BLR-
667 (see Figs. 3–5) is shown as a function of the X-ray attenuation
coefficients. The attenuation values are used to identify void space,
SiO2, and clay mineral compounds and to serve as the basis for
segmentation of the data into void and solid voxels.
shown in Fig. 6.uation coefficients are given in a gray scale represen-
tation. The lower image shows a binary representation
of the data. Here, black represents rock voxels and white
represents pore voxels.
The porosity of the material is calculated after the
conversion into a binary form. This is a trivial process
since it is given by the ratio of the pore-space voxels to
the sum of the pore- and rock-space voxels. The cal-
culated porosity in Fig. 7 is that of the grain sized host
sediments and is, therefore, appropriately referred to as
porosity at the micrometer scale. The micro porosity
values (error margin ±10%) for the three samples
measured by CMTare summarized in Table 2 along with
the bulk porosity values that were previously deter-
mined by the gravimetric method (Winters et al., 2000a).
A comparison of the bulk and the micro porosity data in
Table 2 show that the two sets of values are in agreement
Fig. 9. A plot of the 3-D medial axis connecting pathways for the void
space within the BLR-667 sediment sample (dimensions:
100×100×100 voxels). Different voxel colors indicate the distance
of the voxel to the closest grain voxel. The smallest distance is shown
in red (narrow pores) and the largest in violet (wider pores).
Intermediate values are indicated in colors along a rainbow scale.
The softwares used to display the data included Inventor (http://oss.sgi.
com/projects/inventor/)) and Geomview (http://www.geomview.org).
142 K.W. Jones et al. / Journal of Petroleum Science and Engineering 56 (2007) 136–145within an error margin of up to 10%, an error margin
placed on the CMT calculations. The general agreement
of the two sets supports the validity of the 3DMA-rock
software for extracting porosity data from the measured
attenuation coefficients.
The 2-D covariance functions can be used to estimate
porosity, specific surface area, mean grain size, and
permeability of the test sediment (Fig. 8). The x-axis
variant lag represents a vector (u), and the graph shows
the probability that two-points separated by the vector
are in the same phase (solid or pore). The mathematical
treatment of this covariance function has been discussed
previously (Berryman and Blair, 1986). The fraction of
rock voxels is given by the value of the covariance
function at zero lag or by the square root of the value at
very large lags. The value of the porosity is given by: (1-
S(0)) where S(0) is the value of the covariance function
at zero lag. Values are consistent with the voxel count
method, as would be expected. The specific surface area
is given by
SVð0Þ ¼ −s=4
where S(0) is the slope of the covariance function
evaluated at zero lag and s is the specific surface area.
The specific surface area can also be found by calculating
the area of the rock surfaces using the triangulated inter-
face between rock and pore voxels using the marching
cubes algorithm (Lorensen and Cline, 1987) provided by
3DMA-rock and comparing the results with the size of
the volume considered. Results for the two approachesFig. 8. Two-dimensional covariance function for sample BLR-667.
The covariance function is plotted as a function of the lag function.
The covariance function is averaged over the rows in a particular slice
as a function of the separation between pixels and then plotted for all
slices in the tomographic volume. The dashed curves delineate the
region one standard deviation above and below the average coefficient
of variance.are given in Table 2. Values for the 3DMA-rock approach
are roughly a factor of seven lower than values found
using the correlation function. We believe the value
determined from the actual area calculation is a more
direct measurement and, hence, is the more reliable of the
two.
The permeability is estimated by using a modified
Kozeny–Carman equation (Brace, 1977; Berryman and
Blair, 1987; Walsh and Brace, 1994). The relationship is
k ¼ U2=ðbFs2Þ
where Φ is the porosity, b is a geometric factor describing
the pore structure, F is the formation factor (a
dimensionless constant representing the ratio of electrical
resistivity of a rock containing void space filled with a
fluid to the value for the fluid), and s is the specific
surface area of the material. We used a value of b=2
corresponding to the assumption of circular pore path-
ways and our measured CMT porosity values and spe-
cific surface area. The formation factor was assumed to
be approximated by F=1/Φ2 following the work of Blair
et al. (1996). The calculated permeabilities are much
higher than the values found by Blair et al. for typical
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surface areas. Determination of grain size from the
covariance function is more problematical. The data
shown in Fig. 8 indicate that the grain size is approxi-
mately 100 μm, but this clearly does not adequately
include the very small particles. We conclude that this
approach provides qualitative information on the grain
size but does not replace other sizemeasuring approaches.
We have further processed segmented data to obtain
medial axis information from the Lee–Kashyap–Chu
algorithm (Lee et al., 1994) that is a part of the 3DMA-
rock software. The medial axis consists of 26-connected
paths of voxels (that are inherently two-dimensional) that
preserve the original topology and geometry of the object.
Medial axis determination is sensitive to noise in the
image, and after some necessary modification to remove
spurious paths, it represents connected fluid-flow path-
ways through the sediment (Fig. 9).More details about the
medial axis algorithm employed can be found in
Lindquist et al. (1996). The rainbow colors of the medial
axis voxels in Fig. 9 depict the distance from the voxel to
the closest rock voxel where red is the closest distance
(narrow pores) and violet is the furthest (wider pores).
Medial axis analysis provides us with the ability to
investigate tortuosity of the fluid pathways between the
two opposite sides of a test sediment specimen. Fig. 10Fig. 10. An expanded Geomview plot of connecting pathways in a
segment of the 3-D image shown in Fig. 9. The figure shows all pathways
from one (user specified) side of the volume to the opposite one (in black).
The shortest such pathways are shown in red.shows medial axis pathway nodes from one side of the
sample to the opposite side. The shortest paths are
shown in red. Tortuosity of all medial axis pathways
from one side of the volume to another is measured as
follows: all pairs of medial axis path endpoints (i, j) are
found, where i and j belong to the different volume
sides. The algorithm finds the shortest path from i to j
through the medial axis network. The (geometrical)
tortuosity of the path is then obtained by dividing the
length of this shortest path with the Euclidean distance
of voxels i and j. Average values found for the tortuosity
from the medial axis analysis of the sediments are given
in Table 2.
4. Conclusions
We evaluated the applicability of the CMT technique
by carrying out an initial exploratory study of the
microstructure of three sediment samples recovered
from the Blake Ridge and Georges Bank. The results
reported herein for the three grain sized sediment
samples show the feasibility of non-destructive exam-
ination of the sediment samples. The extracted values
for porosity and other parameters such as 3-D
morphology, pore-space pathways, and permeability
are also reported for the three samples. The CMT data
derived results also show that changes in the measured
parameters and visual examination of the 3-D tomo-
graphic data could be used to determine the physical
relation between sediment grains and gas hydrate. For
that, we plan to extend the laboratory investigations to
host sediments containing tetrahydrofuran as a surrogate
for methane hydrates to provide a more realistic
evaluation of the interaction of fluids with sediment
grains under controlled conditions of temperature and
pressure. The methods developed will then be extended
to study methane hydrate in sediments, which require
high pressure sample handling for stabilization during
measurements.
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